Abstract: This paper describes a study in which finite-element ͑FE͒ analysis procedures were used to predict the behavior of a reinforced concrete ͑RC͒ frame shear strengthened with fiber-reinforced polymer ͑FRP͒ composites. Details are presented of the numerical techniques used to represent the RC frame, the FRP, and the bond properties between the FRP and the concrete. The FE analysis is performed using a two-dimensional nonlinear FE analysis program based on the disturbed stress field model. To augment verification studies undertaken with beam specimens previously tested, a large-scale RC frame with one-span and two-story height was constructed and tested under lateral load conditions. The frame was first heavily damaged in shear, repaired with FRP wrap, and then subjected to a regime of reversed cyclic loads. A detailed comparison is carried out between analytical and experimental results for the hysteretic response, damage mode, crack pattern, and deformation of the frame. It is concluded that reasonably accurate simulations of the behavior of FRP-repaired shear-critical structures can be achieved through finite-element modeling.
Introduction
There still exist, in many locales, reinforced concrete ͑RC͒ structures that were either built at a time when effective design provisions for lateral loads were not yet established or were built in breach of governing standards or practice. An example of such a structure is a cement plant preheater tower built in a seismically active country of Central America, as seen in Fig. 1 . Although the tower was erected in the late 1990s, it was based on design concepts developed approximately 30 to 40 years ago; similar towers exist in a number of places around the world. Due to various design deficiencies relative to current code requirements, the behavior of this and similar structures under lateral load conditions is governed by shear failure mechanisms. For economic and environmental reasons, it would be too costly to tear down and rebuild these structures to allay safety concerns. In the case of the cement preheater tower, the economic loss from an extended stoppage in plant production would far exceed the cost of demolition and reconstruction. Accordingly, it is often more expedient to repair and strengthen such structures to extend their life cycles.
In recent years, fiber-reinforced polymer ͑FRP͒ composites are being widely used for strengthening RC structures in flexure and shear. FRP materials have a high strength-to-weight ratio and a high corrosion resistance as well as nonmagnetic and nonconductive properties, in comparison to steel plates also used for strengthening. The high strength-to-weight ratio, in particular, leads to not only great ease in site handling but also reducing labor cost.
In the early 1980s, the FRP-strengthening technique was first developed in Germany and Switzerland ͑Triantafillou 1998͒. Studies on flexural and shear strengthening with FRP composites were first carried out by Saadatmanesh and Ehsani ͑1990͒ and Berset ͑1992͒, respectively. Most research studies on shear strengthening of RC members performed before 2000 were focused on the shear strength enhancement due to the geometric and mechanical properties of the FRP composite ͑Al- Sulaimani et al. 1994; Chajes et al. 1995; Norris et al. 1997; Chaallal et al. 1998͒ . Recently, however, many researchers have studied other parameters contributing to the shear resistance of the FRP shearstrengthened RC members ͑Li et al. 2001; Modena 2002, 2006; Chaallal 2004, 2006͒ . For example, the contributions of the concrete, the longitudinal and transverse reinforcement, and the geometry of RC member ͑e.g., shear spanto-depth ratio and size effect͒ are among the parameters examined. Several researchers have also proposed design methods, based on the effective FRP strain, to estimate the shear strength of RC beams strengthened in shear with FRP composites ͑Khalifa 1998; Triantafillou 1998; Triantafillou and Antonopoulos 2000; Chen and Teng 2003͒. A review of published related research reveal that most studies on the shear strengthening with FRP composites are mainly focused on the evaluation of the shear strength enhancement of the FRP-strengthened RC members for shear, based on empirical methods. This is because the failure mechanism of RC members strengthened in shear with FRP laminates varies and is complex. It would, thus, be desirable to have an analytical approach, satisfying both equilibrium and compatibility relationships, to model the response of the RC structures strengthened with FRP composites. However, the literature also indicated that not only are finiteelement ͑FE͒-based assessment methods for shear strengthening with FRP composites rare, but also no attempt has yet been reported for the FE analysis of the shear-critical RC frames strengthened with FRP composites.
The disturbed stress field model ͑DSFM͒ ͑Vecchio 2000͒ was recently developed to better model the shear behavior of the RC structures. The DSFM extended the equilibrium, compatibility, and constitutive response formulations of the modified compression field theory ͑MCFT͒ ͑Vecchio and Collins 1986͒ by, among other things, taking into account shear slip deformations on crack surfaces. Therefore, it combines aspects of both the rotating and the fixed crack models. That is, in the DSFM, the directions of principal stresses may differ from those of principal strains, while still permitting the reorientation of the concrete principal stress direction and crack direction. This model has been used to describe the nonlinear shear response of RC structures through its implementation in a nonlinear FE analysis program ͑VecTor2͒. Recently, the DSFM was successfully used to analyze the RC beams shear strengthened with FRP composites ͑Sato and Vecchio 2003͒.
This paper presents material and structural modeling concepts that enable the use of FE-based methods for the analysis of RC frames shear strengthened with FRP composites acting under lateral reversed cyclic loads. According to the proposed modeling methods, a nonlinear FE analysis is performed to evaluate the response of a previously tested one-span two-story shear-critical RC frame. Applicability of the DSFM as an analysis tool for frames strengthened in shear with FRP laminates is verified by comparing theoretical and experimental results.
FE Modeling of FRP-Repaired Structures

Representation of FRP Composite
In this study, "tension-only" truss elements were used in FE modeling to represent the FRP composites. As shown in Fig. 2 , the truss element representing the FRP composite is connected to a concrete element via a bond-link element. The FRP truss element consists of two nodes with two degrees of freedom per node and thus has a total of four degrees of freedom. It is able to assume any orientation in the x-y coordinate system, has a uniform crosssectional area determined from the thickness and the tributary width of the FRP composites, and can develop tensile stresses only. In this study, the constitutive relationship of the FRP truss element was assumed to be linear elastic behavior up to fracture.
Modeling of Bond Interface
The FRP composites are bonded to the concrete surface using bond materials such as epoxy. Accordingly, the modeling of the bond interface between the FRP and concrete surfaces is critically important to accurately simulating the contribution of the FRP composites to shear resistance. This study used the bond element to appropriately reflect the physical properties of the bond interface. Link elements and contact elements are two alternative elements commonly used to represent the bond element. The link element is a nondimensional element with two nodes, whereas the contact element is a linear-dimensional element with four nodes. The link element developed by Ngo and Scordelis ͑1967͒, as Fig. 2 , was used in this research because it enables a variety of modeling approaches to be used by applying bond properties to each node.
In the FE mesh, the bond element is located between the concrete element and the FRP truss element. In the unloaded stage, the bond element exists between two nodes located on the same coordinate. However, when the load is applied, the nodes behave independently based on the response of the bond element. At this time, the bond stress-slip relationship is a most important factor in the behavior of the bond element. It depends on the compressive strength of concrete as well as the bond materials, such as the type of the FRP and the epoxy. This study used the following bilinear bond stress-slip relationship, proposed by Sato and Vecchio ͑2003͒, using the fracture energy of concrete G f ͑Fig. 2͒:
where bFy ϭmaximum bond shear stress; f c Јϭcompressive strength of the concrete; s Fy ϭbond slip at the maximum bond shear stress; and s Fu ϭultimate bond slip.
Verification Using Beams
To verify the proposed FE modeling methods for the FRP and bond interface, a total of four simply supported RC beams strengthened in shear with FRP composites were collected from the literature and compared with analytical results. Three beams tested by Wong and Vecchio ͑2003͒ had the same cross section, 305 mm width and 560 mm height, but different clear spans ͑3,660 mm, 4,570 mm, and 6,400 mm for beams RWOA-1, RWOA-2, and RWOA-3, respectively͒. The FRP strips of 200 mm width, spaced at 300 mm on center, were only bonded to the side of the RWOA series beams. On the other hand, the remaining beam, Beam2, tested by Sheikh et al. ͑2002͒ was wrapped with FRP sheets and had a width of 550 mm, height of 1,000 mm, and clear span of 3,850 mm. All the beams were subjected to three-point monotonic loading. A FE mesh for the typical beam RWOA-1 is shown in Fig. 3 . A VecTor2 analysis based on the DSFM was used for the numerical simulation. The bond stress-slip relationship, proposed by Sato and Vecchio ͑2003͒, and the link elements were used to model the bond interface between the FRP and the concrete. Table  1 gives the values of bFy , s Fy , and s Fu for each compressive strength of concrete used in the beams. Additional details of the structural modeling were given by Wong and Vecchio ͑2003͒, who analyzed the beams using the MCFT and the contact elements. As shown in Fig. 4 , the computed load-displacement responses successfully trace the observed ones with a mean of 0.98 and a coefficient of variation ͑COV͒ of 5.9% ͑Table 1͒. Although the numerical analysis somewhat underestimated the ductility of the beams, the resulting values are acceptable in terms of safety. Therefore, the indication from this study is that the proposed methods for the FE modeling of the FRP and the bond interface between the FRP and concrete are reasonably applicable to the FE analysis of the FRP-reinforced structures. 
Test of Shear-Critical RC Frame
Test Specimen Details
A shear-critical RC frame, which had member span-to-depth ratios, shear and longitudinal reinforcement ratios, and material strengths similar to those of the preheater tower structure previously described, was tested to verify the application of the DSFM. The maximum-size coarse aggregate used in the concrete was 10 mm. The average compressive strength of concrete at the time of the frame test was 43 MPa. No. 10, No. 20, and US No. 3 were used in the specimen, with yield strengths of 455, 447, and 506 MPa, respectively.
As shown in Fig. 5 , the one-span two-story frame specimen had a height of 4.6 m and a width of 2.3 m. The width and depth of the beams and columns were 300 and 400 mm, respectively. For the fixed support condition, the specimen had a RC base with a width of 800 mm and thickness of 400 mm. The positions of the strain gauges bonded to the steel reinforcement within the specimen are illustrated in Fig. 5͑a͒ .
Carbon fiber-reinforced polymer ͑CFRP͒ composite wrap material was used to strengthen the frame after it had sustained extensive shear damage during Phase I testing ͑under monotonic lateral push-over loading͒. The CFRP wrap applied to the firstand second-story beams. The CFRP strips, 337.5 mm apart from center to center, had a width of 150 mm ͓Fig. 5͑c͔͒. The deformations of all the CFRP strips were recorded by strain gauges with 60 mm length. The CFRP composite had carbon fibers and Kelvar 49 weft arranged in the longitudinal and transverse directions, respectively. From the results of standard coupon tests done according to ASTM D 3039, the tensile strength, elastic modulus, and ultimate strain of the fabric with an average thickness of 1.0 mm were 876 MPa, 72.4 GPa, and 12.1ϫ 10 −3 , respectively.
Test Setup and Procedure
Shown in Fig. 6 is the test setup used to apply vertical and horizontal loads to the specimen. Variable horizontal load was applied to the frame at the midheight of the second-story beam. An axial load of 420 kN was applied to each column and maintained in a force-controlled manner during all phases of testing. Last, a stub In the Phase I test, the specimen was subjected to a forward lateral drift of about 1.0% by which point significant shear damage had occurred in the beams and failure appeared imminent, and then it was returned up to zero displacement. Afterwards, a reverse load was applied to the specimen until it reached essentially the same displacement as in the forward cycle, and then again unloaded.
After the Phase I test was completed, the damaged concrete concentrated in the first-and second-story beams was repaired and the beams were strengthened with FRP strips ͓Fig. 5͑c͔͒. During the repair phase, the axial load applied to each column was maintained at 420 kN. After the FRP strengthening of the specimen was completed, the Phase II testing was executed with displacement cycles of progressively increasing amplitude, as defined in Fig. 7 . The yield displacement level ͑25 mm͒ used to define the drift levels was as experimentally measured in the Phase I test.
Phase I Test Results
The lateral load versus displacement response of the frame specimen obtained from Test Phase I is shown in Fig. 8͑a͒ . In the forward cycle, the applied maximum lateral load and the corresponding top-story lateral displacement were about 327 kN and 44.7 mm, respectively. The specimen showed a combined flexural-shear damage mode. The initial flexural yielding of the beam occurred almost simultaneously at both ends of the firststory beam at a force of 292 kN and corresponding displacement of 25 mm. The stirrup yielding was first observed in the first-story beam at a top-story displacement of 25.6 mm. After the shear reinforcement in the beams had yielded, severe shear cracks ͑with widths of up to 9 mm͒ developed along with the yielding of longitudinal reinforcements of the beams.
The maximum horizontal load applied to the specimen during Phase I was −304 kN, occurring during the reversed cycle and corresponding to a top-story displacement was −39.5 mm. The specimen sustained additional shear damage when loaded in the reverse direction. At no time, however, did the longitudinal bars of the columns yield as the maximum strain attained during Phase I test was 0.002. Fig. 8͑b͒ is the lateral load-displacement response of the specimen obtained during Phase II testing. It can be seen that the behavior of the specimen was predominantly flexure controlled, owing to the FRP strengthening for shear. Furthermore, a full plastic hinge failure mechanism of the specimen was developed at the end of the Phase II test. The plastic hinges formed at all four beam ends and at both column bases. The maximum lateral load for the forward cycles was 421.5 kN at load cycle ͑LC͒ 7 ͑+3.0⌬ y ͒, and the corresponding displacement was about 78 mm. The maximum capacity of the specimen for the reverse cycles was also measured at LC7, and the peak load and displacement amounted to −424.4 kN and −77.4 mm, respectively.
Phase II Test Results
Shown in
The longitudinal bars of the first-story beam yielded at 269 kN, at a top-story displacement of 22.8 mm corresponding to LC3 ͑+1.0⌬ y ͒; those of the second-story beam yielded at 313 kN, at a top-story displacement of 29.1 mm corresponding to LC5 ͑+2.0⌬ y ͒. After yielding, the bars of the first-and second-story beams reached strain hardening at 324 kN of LC5 ͑+2.0⌬ y ͒ and −363 kN of LC5 ͑−2.0⌬ y ͒, respectively. In addition, at LC3 ͑−1.0⌬ y ͒ and LC5 ͑−2.0⌬ y ͒, all the longitudinal bars at the ends of the first-and second-story beams exhibited strain hardening response, respectively. First yielding of the longitudinal reinforcement at the base of the columns occurred at 369 kN corresponding to LC5 ͑+2.0⌬ y ͒; all longitudinal reinforcement at both column bases reached the yield strain at LC7 ͑Ϯ3.0⌬ y ͒. Finally, the reinforcement at the base of the north column approached strain hardening at LC9 ͑Ϯ4.0⌬ y ͒. Before the test was terminated, the concrete cover at the column bases had spalled.
The capacity of the frame decreased to 89% of the peak load under a total of four repeated loads from LC9 to LC12. Afterwards, while increasing the lateral load toward a target drift of 5.0⌬ y , the test was terminated due to out-of-plane distortion caused by the excessive damage of the two beams at 349.4 kN. Although premature failure occurred, it should be noted that fully developed plastic hinges had formed at every beam end and at each column base of the specimen.
Because 50% of each beam was wrapped with the FRP strips, it was not possible to observe the nature of the cracks that formed under the strips. In particular, the maximum width of the flexural crack could not be measured because CFRP strips were located at the ends of the beams up to the face of the columns. Although fully developed flexural plastic hinges were formed at all joint and support locations within the frame, shear also influenced the behavior of the beams. However, it was difficult to analyze the effect of shear from the deformation of the stirrups, because almost half of the strain gauges attached to the stirrups became nonfunctional due to the excessive strains sustained during the Phase I test.
The shear cracks, observed at locations along each beam where FRP strips were not present, were about 1.5 mm in width at a drift target of Ϯ3.0⌬ y and developed up to a width of 2.5 mm at Ϯ4.0⌬ y . Although the shear cracks had a large width, they were relatively smaller than the flexural crack widths. In addition, fracture of the FRP strips was not observed anywhere. While the majority of the FRP strains at the first-story beam ranged from 0.003 to 0.0055, those at the second-story beam were 0.003 or less. 
Modeling of Test Frame
The theoretical behavior of the CFRP-repaired test frame was determined using the two-dimensional nonlinear FE analysis program VecTor2 based on the DSFM. In addition, the program FormWorks ͑Wong and Vecchio 2002͒, an advanced graphicsbased preprocessor for VecTor2, was used in developing the FE model for the frame specimen.
Modeling of Reinforced Concrete
A total of 3,048 quadrilateral elements were used for modeling the concrete members. As can be shown in Fig. 9͑a͒ , the width and height of concrete elements were selected in consideration of the sizes of members and the locations of steel bars. The thickness of the concrete elements was the same as that of the frame specimen. The concrete elements in the base and columns had single thicknesses of 800 and 300 mm, respectively, whereas the beams had two kinds of thickness, 300 and 225 mm. The thickness of 225 mm was applied to the elements at the top and bottom of the beams in consideration of rounding off the beam cover for wrapping the FRP strips. Furthermore, the out-of-plane confinement by the FRP wrapping was considered in the elements at the top and bottom of the beams where the FRP strips were bonded, as shown in Fig. 9͑b͒ .
The default models designated in VecTor2 were used unless there was a valid reason to select an alternative model. The transverse reinforcement in the base and columns were included in the concrete elements as smeared reinforcement. However, all longitudinal reinforcement within the base, columns, and beams, and all stirrups within the beams, was modeled discretely using truss bar elements connected directly to the concrete elements. A total of 986 truss elements were used for the modeling of the steel reinforcement. The behavior of the reinforcing bars was assumed to be elastic plastic with the strain hardening effects; the Bauschinger effect was included in the cyclic modeling.
Every steel bar used in the specimen had an adequate development length. Therefore, the ends of the steel bars with hooks were assumed to have a perfect bond rather than modeling the bar hooks. However, the cross-sectional area of the steel bars, in which the development length was accomplished by straight steel bars, was decreased in approximate proportion to the decreasing steel stress over the development length. This was done in order to consider the gradually decreasing stress within the reinforcing bars approaching bar ends. For example, the development length required by ACI 318-05 Code ͑ACI Committee 318 2005͒ was calculated as approximately 600 mm for the No. 20 straight bars anchored in the column. Accordingly, the cross-sectional area of the truss elements used to represent these bars was gradually decreased over a distance starting 600 mm from the ends of the bars.
FRP and Bond Modeling
A total of 380 truss elements were used to model the FRP strips, and their constitutive response was modeled as linear elastic up to fracture. Fig. 9͑b͒ shows the modeling of the FRP strips wrapped around a beam. The FRP strip was modeled with truss elements along three or four nodal grid lines, depending on the width of the concrete elements. It should be noted that all the FRP strips in the FE mesh had the same bonded-surface and cross-sectional areas.
The truss elements representing the FRP strip were indirectly attached to the underlying concrete elements via bond-link element. The bond stress versus slip relationship of the bond elements was as obtained from Eqs. ͑1͒-͑4͒. For the concrete compressive strength of 43 MPa, bFy , G f , s Fy , and s Fu were 4.36 MPa, 0.436 N / mm, 0.038, and 0.2 mm, respectively. Since the FRP strips were wrapped around the beams in the test frame, it can be assumed that the FRP strips at the beam corners were perfectly bonded to the concrete surfaces. To consider this characteristic, an arbitrarily high bond strength was applied to the bond elements located in the beam corners, as shown in Fig. 9͑b͒ . The bond area was calculated according to the tributary area of the FRP strips around the bond element. 
Structural Modeling
Three types of load cases were used for the numerical analysis of the frame. As seen in Fig. 10͑a͒ , Load Case I represented the lateral load applied at the middle of the second-story beam at the pushing end. In the FE analysis, the lateral load was controlled so that the nodal displacement continually increased by 1 mm increments. To account for the axial loads applied to the columns and the posttensioning forces applied to the base, the corresponding nodal loads were modeled as Load Case II. A vertical load of 420 kN, uniformly applied to each column via loading plates in the test, was distributed to 9 column nodes; in other words, 46.67 kN was applied to each column node, as illustrated in Fig.  10͑a͒ . Furthermore, because the testing of the frame specimen began approximately 9 months after casting, the frame specimen was influenced by drying shrinkage. Therefore, a shrinkage strain of −0.0004 was applied to every concrete element within the frame; this constituted Load Case III.
To provide the fixed end condition of the frame, the frame base was posttensioned onto the strong floor by six sets of floor bolts in this test. One set consisted of two bolts and was stressed to about 71 kN. In the FE analysis, these posttensioning forces were modeled as six downward forces of 71 kN at the bolt locations, as shown in Fig. 10͑b͒ . The pinned support condition was applied to the bottom of the frame base within a distance of d from each bolt location, where dϭeffective depth of the base. No base slip in the test indicated that the pinned support condition was reasonable.
Comparison of Numerical and Experimental Results
Test Phase I Response
Shown in Fig. 11͑a͒ , for the lateral load-displacement response of the RC frame without FRP composites, is a comparison between the experiment-observed behavior and the numerical analysis results obtained from VecTor2. The calculated load-displacement curve for the forward cycle shows reasonable agreement with the experimental results. The computed peak-load and the corresponding displacement were 356.3 kN and 44 mm, respectively, which translate to calculated-to-experiment ratios of 1.09 and 0.98 for the peak-load and displacement, respectively. In the FE analysis, the first yielding of the longitudinal bars and stirrups occurred in the first-story beam, and the computed lateral force and displacement were 232.5 kN and 19 mm, and 249.8 kN and 21 mm, respectively. It was similar to the test result that both steel bars yielded at almost the same time, but the values were somewhat premature compared to the experimentally recorded displacement of about 25 mm.
For the reverse cycle, the FE analysis resulted in the peak load of −333.4 kN, which was in 9.7% error of the experimental result of −304 kN. The calculated energy dissipation capacity, taken as the area enclosed by the load-displacement curve, of the reverse cycle was smaller than that of the experimental result. This is because the force of restoration of the frame damaged in shear was more or less overestimated in the FE analysis. With regard to this, further research should be conducted. Fig. 11͑b͒ illustrates the comparison between the experimental and numerical lateral load-displacement responses for the frame strengthened in shear with FRP strips. It can be seen that the predicted response was in excellent agreement with the experimental behavior. In addition, the lateral load-displacement response obtained from the FE analysis illustrates that the frame was primarily governed by flexure. This result indicates that the FRP strips effectively controlled the shear cracks, preventing a shear-dominant failure mechanism and a sudden reduction of the frame capacity. In the numerical analysis, the frame strength fell to less than 80% of the peak load at LC10 ͑Ϯ4.0⌬ y ͒, where ⌬ y refers to the initial yielding of the frame obtained from Phase I testing. Table 2 compares the computed and measured results of the maximum load and the corresponding displacement for each load cycle up to LC9 ͑Ϯ4.0⌬ y ͒, which is just before the failure of the frame in the analysis. As illustrated by this table, the proposed FE analysis has a good accuracy with not only a mean of 1.01 and a COV of 4.1% for the maximum load, but also 0.99 and 2.9% for the displacement.
Test Phase II Response
Shown in Fig. 12͑a͒ is the predicted crack pattern for the entire frame as obtained from the FE analysis. The analysis indicated flexural plastic hinges forming at the ends of the beams and at the column bases, but with significant shear cracks also developing in the beams near the column joints; these outcomes are consistent with the test results. Fig. 12͑b͒ shows the experimental and analytical crack patterns of the first-story beam, which sustained the greatest damage. Although it is difficult to compare the crack patterns of the beam due to the overlying FRP wrap, it can be seen that the predicted crack pattern is very similar to the observed one. The analysis indicated that the initial flexural yielding of the first-story beam occurred at a load of 284.5 kN and corresponding top-story displacement of 25 mm, occurring at Load Stage LC3 ͑+1.0⌬ y ͒. This result corresponds to errors of about 6 and 10% for the observed lateral load ͑269 kN͒ and the displacement ͑22.8 mm͒, respectively. The numerical analysis predicted that the first flexural yielding of the second-story beam occurred at LC5 ͑+2.0⌬ y ͒, and that all the longitudinal bars in the lower and upper beams and the columns yielded at LC3 ͑−1.0⌬ y ͒, LC5 ͑−2.0⌬ y ͒, and LC7 ͑+3.0⌬ y ͒, respectively, again consistent with the observed results. However, some difference existed between the analytical and experimental results with respect to the initial yielding of the column. In the experiment, it was observed to occur at LC5 ͑+2.0⌬ y ͒ whereas, in the FE Analysis, it was predicted at LC5 ͑−2.0⌬ y ͒.
It was difficult to collect reliable experimental data from the strain gauges attached to the stirrups after the completion of Phase I testing due to excessive damage; hence, verification of the accuracy of the FE analysis with regard to the shear deformation of the frame was sought from the straining of the CFRP strips. Table 3 compares the observed and calculated maximum strains in the CFRP strips ͑at midheight͒ for typical forward cycles. The observed and predicted maximum strains in the CFRP wrap occurred in a strip bonded near the shear-critical section of the firststory beam. The FE analysis results were in good agreement with the experimental results, with a mean of 1.02 and a COV of 7.6%. In addition, there was no fracture of the FRP strips in the analysis, which was consistent with the observed result. Therefore, the proposed numerical modeling method can be reasonably used for analyzing the shear-strengthened RC frame with FRP composites.
Current code provisions suggest that, under seismic load conditions, no shear strength contribution should be ascribed to the concrete; that is, influences from concrete tension stiffening and aggregate interlock mechanisms should be neglected. Fig. 13 compares the experimental and predicted load-displacement responses, where the theoretical result did not take into account the concrete tensile strength-related mechanisms. It is worth noting that the computed result significantly underestimated the energy dissipation and effective stiffness of the strengthened frame, although the ultimate strength was little affected. This suggests that even if the concrete is previously damaged in shear, the tensile strength of repaired concrete and the tension stiffening response of FRP-confined concrete should be considered. Further studies are required for the postpeak behavior of the frame with FRP composites under cyclic load.
Conclusions
This study demonstrated that accurate simulations of the response of FRP-strengthened shear-critical concrete frame structures can be obtained from finite-element-based models and analysis procedures. In particular, the prediction capacity of the DSFM was verified. Various numerical FE modeling methods applicable to FRP-strengthened concrete frame structures were proposed, and their accuracy were confirmed through comparisons with experimental results of a large-scale frame test specimen. The following conclusions are drawn from this research: 1. Nonlinear finite-elementt analysis tools, such as program VecTor2 based on the DSFM, can be used to reasonably accurately predict the response of concrete frames shear strengthened with FRP composites. 2. The proposed numerical modeling methods were successfully used to predict the constitutive states, as well as the damage mode, crack pattern, and hysteretic behavior of a frame strengthened with FRP composites. In particular, the proposed methods for the FE modeling of the FRP and the bond interface between the FRP and concrete provided a good correlation to experimentally observed responses. 3. Although a frame may have been previously damaged in shear, once it has been repaired and strengthened, the tensile strength of the repaired concrete and the tension stiffening response of FRP-confined concrete should be considered for improved accuracy in predicted response up to peak load. 
